the discussion of source and ageing mechanisms of OM particles, which leads to 136 insights about the formation of regional wintertime L&M hazes in the NCP.
137

Experimental Methods
138
2.1 Sampling sites and particle collection 139 PM 2.5 and individual particle samples were simultaneously collected during 140 13-23 December, 2014 at three sampling sites: an urban site (S1), a mountain site (S2), 141 and a background site (S3) in the NCP (Fig. 1) . S1-the urban site in Jinan (36.67 º N, 142 116.98 º E) is 50 km north of S2. S1 is a typical polluted city with high-density upper air layer, and background island air in the NCP.
156
PM 2.5 was collected on 90 mm quartz filters for 9-11.5 h using three KB-120 onto copper TEM grids coated with carbon film (carbon type-B, 300-mesh copper,
164
Tianld Co., China). The collection efficiency of the impactor is 50% for particles with 165 an aerodynamic diameter of 0.25 μm and with a density of 2 g cm -3 (Li et al., 2011a) .
166
After sample collection, the Cu grids were placed in a sealed, dry and clean 167 environment until the TEM analysis. 11 aerosol samples at each sampling site were 168 selected and analyzed by the TEM. 
TEM analyses
170
The JEOL JEM-2100 transmission electron microscopy operated at 200 kV with represent the organic matter in individual particles (Chi et al., 2015; Ghosal et al., 189 2014; Li et al., 2016a) . 
AFM analysis 191
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198
The Nanoscope analysis software can automatically obtain bearing area (A) and 199 bearing volume (V) of each analyzed particle according to the formulas described by
200
Chi (Chi et al., 2015) .
201
The relationship is shown in Figure S2 (EVD=0.8334ECD (S1),
202
EVD=0.7286ECD (S2), and EVD=0.6601ECD (S3) respectively. The RH at all three sampling sites was lower than 60% during the 216 sampling periods (Fig. S4 ).
217
Figure 1 shows similar back trajectories of air masses at S1, S2, and S3. Haze 218 episodes started to form in the NCP when air masses changed from north to southwest 219 or west. Therefore, the regional hazes in the NCP were controlled by the same 220 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 -494, 2016 Manuscript under review for journal Atmos. Chem. and S -signals. As a result, this type particle can be confirmed as the OM particle (Li 236 et al., 2016a; Ghosal et al., 2014) . TEM analysis showed that OM-containing particles
237
were most abundant in all the haze samples, accounting for 70% of the 5090 analyzed 238 particles ( Fig. S7 ).
239
Based on the morphology of OM particles, they were divided into six different 
253
Aspect Ratio (AR). The maximum ratio of width and height of a bounding 254 rectangle for the measured object is the aspect ratio. An aspect ratio of 1 (the lowest 255 value) indicates a particle is not elongated in any direction.
256
Sphericity (Sph). Sphericity describes the sphericity or "roundness" of the 257 measured object by using central moments. A sphericity of 1 (the highest value)
258
indicates a particle is perfectly spherical.
Where S is projected area, R 1 is equivalent area radius, P is perimeter, R 2 is 262 equivalent perimeter radius, L max is the maximum projected length, and W max is the 263 maximum projected width. discriminated four OM internally mixed particles: OM-soot ( Fig. 5a and Fig. S8 ),
277
OM-mineral/metal (Fig. 5b) , OM-fly ash (Fig. 5c) , and OM-sulfate particles ( Fig.   278 5d-e). Our results show that 83% of type 1-4 OM particles were attached to soot, 279 mineral, sulfate, and metal particles, only 17% of type 1-4 OM particles were 280 externally mixed particles, and all the type 5-6 OM were internally mixed with sulfate 281 particles (Fig. S7 ). commonly occurred at S1 but they were mixed with certain amounts of sulfates at S2 285 and S3 during the sampling period (Fig. S8) . The major OM internally mixed particles 286 include 45% OM-soot particles and 46% OM-sulfate particles at S1, 35% and 62% at 287 S2, 33% and 56% at S3 (Fig. S7) . As a result, the number fraction of OM-sulfate 288 particles increases from S1 to S2 and S3. OM-soot containing particles dominated in 289 the finer size range (< 300 nm) at the three sampling sites (Fig. 6 ). In addition, 19% of 290 OM-sulfate particles were internally mixed with inclusions (i.e., fly ash and metal) at 291 all the three sampling sites (Fig. S7) . sampling sites. Aerosol particles collected at S2 and S3 display a similar peak at ~400 295 nm, much smaller than the peak at 600 nm at the S1 site (Fig. 7a) suggests that coal combustion in residential stoves was a widespread emission source 346 from urban to rural areas in the NCP. The vehicular emissions at S1 had a higher 347 contribution of fine soot (i.e., BC) particles with diameters < 300 nm (Fig. 6 ). Fly 
Ageing of OM particles
354
The complicated mixing structures of individual particles can be used to evaluate the urban site of S1 received more fresh particles. Indeed, OM-soot particles at S2 and
358
S3 sites were internally mixed with sulfates but not at S1 (Fig. S8 ). To evaluate 359 particle ageing processes, we measured OM coating thickness in type 6 OM-coating 360 particles (e.g., Fig. 5e ) because coating thickness on secondary particles can be used 361 to infer particle ageing during transport (Moffet et al., 2010; Moffet et al., 2013) . In 362 this study, OM coating thickness increased with particle size and that their average 363 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 -494, 2016 Manuscript under review for journal Atmos. Chem. Phys. values at the three sampling sites were ordered as S3 > S2 > S1 (Fig. 9) . The results
364
suggest that coarse secondary particles underwent more ageing than the fine particles 365 and that the particles at S3 underwent the most ageing. However, number fractions of 366 type 6 OM particles were small at three sampling sites (14.8% at S2 and 12% at S3, 367 and 2.9% at S1) (Fig. 9) . The result indicates weak atmospheric reactions for SOA 368 formation in the whole haze layer.
369
Conclusions and atmospheric implications 370
Abundant type 1-3 OM particles at S1, S2, and S3 suggested that coal concentrations and weaker solar radiation, two constraints that reduce the conversion 379 of the acidic gases into aerosol particles (Ma et al., 2012) . Also, the L&M hazes were 380 dry with RH < 60% (Fig. S4) , which prohibits heterogeneous reactions between 381 aerosol and gases (Zheng et al., 2015) . These reasons can explain why we found 382 higher number and mass fractions of abundant type 1-3 primary OM particles and 383 lower type 6 secondary OM particles in the hazes. This result is consistent with a 384 previous study using AMS (Sun et al., 2013) , which showed 69% primary OM 385 particles and only 31% SOA in winter hazes. Concerning mixing processes, the sizes 386 ( Fig. 7) and shapes (Sph and AR in Table 1 ) of the type 1-3 OM particles were 387 consistent with fresh particles at S1 and aged particles at S2 and S3. Therefore,
388
coagulation between OM and non-OM particles was expected to be the major mixing 389 mechanism on the dry haze with its weak photochemistry.
390
Once humidity exceeds 60% during a haze episode, secondary inorganic and 391 organic species from heterogeneous reactions can significantly contribute to haze 392 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 -494, 2016 Manuscript under review for journal Atmos. Chem. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 -494, 2016 Manuscript under review for journal Atmos. Chem. Phys. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 -494, 2016 Manuscript under review for journal Atmos. Chem. Phys. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 -494, 2016 Manuscript under review for journal Atmos. Chem. Phys. . Typical TEM images of OM internally mixed particles (a) a spherical OM particle attached to a soot particle; (b) a near-spherical OM particle attached to a mineral particle; (c) fly ash particles attached to a near-spherical OM particle; (d) OM mixed with sulfate (K)-fly ash particle and its sublimed particle under strong electron beam; (e) OM as a coating mixed with a sulfate (K, Na) particle. The element compositions in OM, mineral, fly ash, and sulfate particles were measured by the TEM/EDX.
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